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Comparison of RELMa and RELMf3 Single- and Double-Gene-

Deficient Mice Reveals that RELMa Expression Dictates Inflammation
and Worm Expulsion in Hookworm Infection

Gang Chen,? Spencer H. Wang,? Jessica C. Jang,? Justin I. Odegaard,® Meera G. Nair®

Division of Biomedical Sciences, School of Medicine, University of California—Riverside, Riverside, California, USA% Cardiovascular Research Institute, University of
California—San Francisco, San Francisco, California, USA®

Resistin-like molecules (RELMs) are highly expressed following helminth infection, where they impact both the host and hel-
minth. While RELMa (Retnla) impairs helminth expulsion by inhibiting protective Th2 immunity, RELMf (Retnlb) can pro-
mote its expulsion. We employed Retnla™'~ and Retnlb™’~ mice to delineate the function of both proteins following infection
with Nippostrongylus brasiliensis, a hookworm that infects the lung and intestine. Whereas wild-type (WT) and Retnlb™'~ mice

exhibited equivalent infection-induced inflammation, Retnla™'~

mice suffered a heightened inflammatory response, including

increased mortality, weight loss, and lung inflammation. In the intestine, Retnla~’~ mice had low parasite egg burdens com-
pared to those of WT mice, while Retnlb~'~ mice exhibited high egg burdens, suggesting that RELMa and RELM have func-
tionally distinct effects on immunity and inflammation to N. brasiliensis. To test the importance of both proteins, we generated
Retnla™'~ Retnlb™'~ mice. Infected Retnla™'~ Retnlb™’~ mice exhibited similar responses to Retnla™'~ mice, including in-
creased mortality and lung inflammation. This inflammatory response in Retnla™’~ Retnlb™'~ mice negatively impacted N.
brasiliensis fitness, as demonstrated by significantly lower worm ATP levels and decreased intestinal worm burden and fecun-
dity. Lung cytokine analysis revealed that Retnla—'~ and Retnla—'~ Retnlb™'~ mice expressed significantly increased levels of
interleukin-4 (IL-4). Finally, we generated Retnla—'~ mice on the Rag~’~ background and observed that the effects of RELMa
were abrogated in the absence of adaptive immunity. Together, these data demonstrate that RELMa but not RELMf signifi-
cantly impacts the immune response to N. brasiliensis infection by downregulating the Th2 adaptive immune response in the
lung, which protects the host but allows improved parasite fitness.

Soil-transmitted helminths (STHs) afflict over 2 billion indi-
viduals worldwide and can cause anemia and debilitating
symptoms in the lung and intestine (1). Host protection against
STHs is dependent on the balance between effector immune re-
sponses that promote worm expulsion and immunoregulatory
pathways that control excessive infection-induced inflammation
(2). Resistin-like molecules (RELMs) are secreted proteins with
putative effector and immunoregulatory functions against hel-
minth infections (3, 4). In humans, significant increases in resistin
expression occur in both filarial nematode and gastrointestinal
nematode infections (5, 6). In mice, RELMa and RELM3, which
share sequence homology with human RELMS, are induced in
response to Schistosoma mansoni and the gastrointestinal hel-
minths Trichuris muris, Heligmosomoides polygyrus, and Nippos-
trongylus brasiliensis (7-11).

Despite sharing sequence identity and expression patterns, the
putative functions of RELMa and RELM in helminth infection
are different and involve both host-specific and parasite-specific
effects. S. mansoni and N. brasiliensis infection led to increased
RELMa expression in infected tissue by epithelial cells and innate
immune cells, including macrophages and eosinophils, which
acted to suppress Th2 immunity (12, 13). Additionally, in ovalbu-
min-induced allergic airway inflammation, RELMa overexpres-
sion led to reduced levels of Th2 cytokines in the lung (14).
RELMa is also expressed by dendritic cells in response to interleu-
kin-4 (IL-4), where it is important for the early priming of CD4 ™
Th2 cells (15). In contrast, RELM is expressed by intestinal epi-
thelial cells following helminth infection. In chronic T. muris in-
fection, RELMB promoted macrophage and T cell activation,
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leading to increased intestinal inflammation and impaired Th2
immune responses (10). RELM also exerts direct effects on hel-
minth parasites. Indeed, RELM treatment of N. brasiliensis and
H. polygyrus impacted the ability of the parasites to feed, leading to
decreased viability and fecundity (11, 16). These studies suggest
distinct functions for RELMa and RELM in helminth infection:
RELMa suppresses Th2-mediated immune responses and impairs
helminth expulsion, while RELMB promotes expulsion. Given
these contrasting roles, the functional outcome of the high levels
of expression of both proteins in helminth infection is unknown.

We sought to compare the roles of RELMa and RELMf in
infection with N. brasiliensis, which infects the lung and small
intestine of mice. N. brasiliensis infection of wild-type (WT)
C57BL/6 mice induced significant increases in both RELMa and
RELM protein levels in the serum and in infected lungs and
jejunum, with maximal expression immediately following expo-
sure to the parasite. Although both proteins were significantly
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upregulated in response to N. brasiliensis, infection of Retnla™'~
and Retnlb™'~ mice revealed that they had functionally distinct
effects on helminth immunity and inflammation. Retnla™’~ mice
suffered from severe infection-induced inflammation following
parasite invasion of the lung tissue, leading to increased weight
loss, infection-induced mortality, and increased lung hemorrhag-
ing and eosinophil infiltration compared to WT mice. Histologi-
cal examination of infected lung sections in Retnla '~ mice
revealed heightened perivascular inflammation and larger inflam-
matory foci with foreign-body giant cells, indicative of an abnor-
mally increased local inflammatory response with evidence of in-
creased tissue damage. In contrast, Retnlb '~ mice did not suffer
from exacerbated infection-induced mortality or acute weight loss
but exhibited increased lung inflammation. Retnla™’~ mice also
had reduced intestinal worm burdens and parasite egg production
compared to those of WT or Retnlb™'~ mice. We tested the im-
portance of both RELMa and RELM by generating and validat-
ing Retnla™'~ Retnlb™'~ mice. Following infection with N. brasil-
iensis, Retnla~'~ Retnlb™'~ mice suffered from severe acute lung
inflammation. This heightened immune response in the lungs of
Retnla™'~ Retnlb™'~ mice resulted in significantly reduced para-
site fitness as assessed by worm ATP levels. This reduced worm
viability impaired the ability of the worms to infect the intestine
and led to accelerated worm expulsion in Retnla '~ Retnlb™'~
mice. Given that worm expulsion is promoted by Th2 immune
responses, we evaluated the cytokine response in the lungs of in-
fected WT, single-gene-knockout (KO), and double-gene KO
mice. Although Retnlb~/~ mice exhibited Th2 cytokine expres-
sion equivalent to that of WT mice, Retnla™’™ and Retnla™'~
Retnlb™’~ mice had significantly increased IL-4 levels in the lungs
compared to WT mice. Additionally, real-time reverse transcrip-
tion-PCR (RT-PCR) analysis of CD4™ T cells purified from WT or
Retnla™'~ Retnlb™'~ mice revealed significantly elevated CD4™* T
cell-derived IL-4 levels. These results suggest that RELMa effects
on lung inflammation and parasite expulsion occur through the
promotion of adaptive CD4™ Th2 cells. To test this, we generated
Ragl ™'~ Retnla™'~ mice, which are deficient in adaptive immune
cells, including CD4™ T cells. Ragl '~ Retnla™'~ mice exhibited
lung inflammation, parasite burdens, and Th2 cytokine levels
equivalent to those of Ragl '~ mice, suggesting that the func-
tional effects of RELMa are dependent on adaptive immunity.
Taken together, these studies demonstrate the importance of
RELMa but not RELM in the immune response to hookworm
infection, where it downregulates CD4™ Th2 cells, leading to de-
layed worm expulsion, but provides a critical function in protect-
ing the host from excessive and potentially fatal lung inflamma-
tion.

MATERIALS AND METHODS

Mice. WT C57BL/6 mice purchased from the Jackson Laboratory were
bred in-house. Retnla '~ and Retnlb~’~ mice were generated and geno-
typed as previously described (12, 17). Retnla '~ Retnlb™'~ mice were
generated with VelociGene technology (18), where all exons for RELMa
and RELM were replaced by a lacZ reporter gene and a neomycin selec-
tion cassette. For genotyping of Retnla '~ Retnlb~'~ mice, genomic DNA
was prepared from ear clips by using a Bioland Scientific Quick Genotyp-
ing DNA preparation kit, followed by PCR for the insert with primers
LacInF (GGTAAACTGGCTCGGATTAGGG) and LacInR (TTGACTGT
AGCGGCTGATGTTG) or quantitative PCR (qPCR) for the WT gene
with the TagMan MGB probe 6-carboxyfluorescein (FAM)-ACCATCCC
TGCAAGATCA from Bio-Rad and primers 608 TUF (GTCCAAGGGCT
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CTGACATCTG) and 608TUR (AGCCATAGCCACAAGCACATC). All
genetically deficient mice were backcrossed with C57BL/6 mice (11
generations for Retnla—’~ and Retnlb~'~ mice and 12 generations for
Retnla™'~ Retnlb™'~ mice), and successful backcrossing was validated
by using DartMouse genotyping services. Ragl '~ Retnla~'~ mice were
generated by crossing Retnla~'~ mice with Ragl ~/~ C57BL/6 mice pur-
chased from the Jackson Laboratory. Mice were age matched (6 to 10
weeks old), gender matched, and housed five per cage under an ambient
temperature with a 12-h-light/12-h-dark cycle. All protocols for animal
use and euthanasia were approved by the University of California—Riv-
erside Institutional Animal Care and Use Committee (protocols
A-20120023B and A-20120024E [see http://or.ucr.edu/ori/committees
/iacuc.aspx]) and were in accordance with National Institutes of Health
guidelines, the Animal Welfare Act, and Public Health Service Policy on
Humane Care and Use of Laboratory Animals (19).

Parasites. N. brasiliensis was obtained from the laboratory of Graham
Le Gros (Malaghan Institute, New Zealand), and the life cycle was main-
tained in Sprague-Dawley rats as previously described (20). Mice were
injected subcutaneously with 500 N. brasiliensis third-stage larvae (L3).
Following infection, mice were monitored every 1 to 2 days and eutha-
nized in the case of severe infection-induced morbidity as defined by
approved IACUC protocols in the laboratory. In our laboratory, with this
N. brasiliensis strain, infection of C57BL/6 mice leads to maximal num-
bers of larvae in the lung by 48 to 72 h (~50% original inoculum), fol-
lowed by adult worms reaching the intestine at between days 3 and 4
(~25% original inoculum). Fecal egg production is observed between
days 6 and 9, and parasite expulsion occurs by day 10. Parasites in the lung
and small intestine were enumerated after the entire lung or small intes-
tine of infected mice was cut and incubated in phosphate-buffered saline
(PBS) at 37°C for >1 h to allow worms to migrate out of the tissue. Eggs in
the feces of infected mice were counted by using a McMaster counting
chamber on days 6 to 9 following infection.

Parasites collected from the lungs and small intestines were washed
with PBS, and the concentration of ATP was measured as previously de-
scribed (20). Briefly, 10 larvae in 150 wl PBS were mixed with 150 pl
CellTiter-Glo 2.0 luminescent reagent (Promega) and homogenized at
4°C. The homogenates were centrifuged at 1,000 X g for 2 min, and
100-pl supernatants in duplicates were transferred to a black 96-well
clear-bottom plate and incubated at room temperature for 10 min to
stabilize the luminescence signal. An ATP standard curve was included by
using ATP disodium salt (Sigma). The PBS wash was used as a negative
control. Luminescence was recorded by using a Glomax Multi detection
system (Promega).

Sample collection, processing, and flow cytometry. Bronchoalveolar
lavage (BAL) fluid and cells were recovered through washing twice with
1 ml of ice-cold PBS. Cells were recovered by centrifugation, and red
blood cells (RBCs) and white blood cells (WBCs) were enumerated by
using the Bio-Rad cell counter pre- and post-RBC lysis. For flow cy-
tometry, BAL fluid cells were blocked with 0.6 g rat IgG and 0.6 pg
anti-CD16/32 (2.4G2) and stained for 25 min with antibodies for SiglecF
(E50-2440) and Ly6G (1A8) (all from BD Biosciences); F4/80 (BMS),
CD11b (M1/70), and CD11c (N418) (all from eBioscience, Affymetrix);
and CD4 (RM4-5; Invitrogen). Cells were then washed and analyzed on an
LSRII instrument (BD Bioscience), followed by data analysis using Flow]Jo
v10 (Tree Star Inc.). To analyze CD11¢™ SiglecF™ eosinophils, CD11b™
Ly6G™" neutrophils, and CD4 " T cells, a lineage-negative gate (autofluo-
rescence positive and CD11c* F4/80") to gate out alveolar macrophages
and dendritic cells was first applied.

Lung and jejunum (1 cm) were weighed and homogenized in 0.5 ml
PBS with a Mini-Beadbeater-96 instrument (BioSpec Products) at 4°C,
and the supernatant was collected after centrifugation at 4,000 X g for 15
min at 4°C.

For hematoxylin and eosin (H&E) staining, lungs were first inflated
with 10% neutral buffered formalin. Jejunum and inflated lungs were
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fixed with 10% neutral buffered formalin and embedded in paraffin wax.
Sections (5 pm) were obtained and stained with hematoxylin and eosin.

Enzyme-linked immunosorbent assay (ELISA) for RELM protein
quantification. Greiner 96-well plates were coated with primary antibod-
ies to RELMa or RELM (1 pg/ml; Peprotech) overnight at room tem-
perature. After blocking the plates with 5% newborn calf serum in PBS for
1 h, sera, BAL fluid, or tissue homogenates were added at various dilutions
and incubated at room temperature for 2 h. Detection of RELMa and
RELM was done with biotinylated antibodies (0.5 p.g/ml; Peprotech) for
1 h, followed by incubation with streptavidin-peroxidase (Jackson Immu-
nobiology) for 1 h in the dark. The peroxidase substrate 3,3,5,5-tetra-
methylbenzidine (TMB) (BD) was added, followed by the addition of 2 N
H,SO, as a substrate stop, and the optical density (OD) was captured at
450 nm. Samples were compared to a serial fold dilution of recombinant
protein.

CD4™ cell purification. Lungs were removed, cut into small pieces,
and incubated with 2 mg/ml collagenase D (Roche) in PBS for 45 min at
37°C with vortexing every 10 to 15 min. The digested tissues were passed
through 70-pm cell strainers and washed with Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% L-glutamine (Gibco), and 1% penicillin-streptomycin (Gibco).
Red blood cells were lysed by using ammonium chloride-potassium
(ACK) red blood cell lysis buffer (Gibco). To remove macrophages, cells
were cultured in a 6-well plate for 2 h. Nonadherent cells were magneti-
cally labeled with mouse CD4 (L3T4) MicroBeads (Miltenyi Biotec) and
then loaded onto a magnetically activated cell sorter (MACS) column,
according to the manufacturer’s instructions.

Real-time PCR. RNA from lung tissue was extracted with TRIzol, and
RNA from cells was extracted by using an RNeasy minikit (Qiagen).
iScript reverse transcriptase (Bio-Rad) was used for cDNA synthesis. RT-
qPCR was performed with the Bio-Rad CFX Connect system using Bio-
Rad CFX Manager 3.1 software. Primer sequences (from IDT) for real-
time PCR are [/4 forward (F) primer CTCAGTACTACGAGTAATCCA,
Il4 reverse (R) primer GAATGTACCAGCAAGCCATATGC, I110 F primer
AGTGGAGCAGGTGAAGAGTG, 1110 R primer TTCGGAGAGAGGTA
CAAACG, I112b F primer GGAAGCACGGCAGCAGAATA, and I112b R
primer AACTTGAGGGAGAAGTAGGAATGG. All other primers (for
Gapdh, Ifng, 1113, and Il17a) were purchased from Qiagen.

Statistical analysis. Data were expressed as means = standard errors
of the means of data for 3 to 6 animals per group. Results are representa-
tive of data from 3 to 6 experiments. Gaussian distribution was deter-
mined by the D’Agostino-Pearson normality test. For data with a Gauss-
ian distribution, the following parametric analyses were used: unpaired
Student’s ¢ test (two-group comparisons), one-way analysis of variance
(ANOVA) (comparisons of three or more groups with one variable), and
two-way ANOVA (comparisons of three or more group with two vari-
ables) followed by post hoc multiple-comparison tests (Dunnett or Bon-
ferroni test for parametric data and Dunn’s test for nonparametric data).
Log base 10 transformation or Kruskal-Wallis ANOVA was used for data
without a Gaussian distribution. Comparison of survival curves was done
by using a log rank (Mantel-Cox) test. All statistical analyses were per-
formed and graphs were drawn by using GraphPad Prism version 6.02.

RESULTS

Kinetics of RELMa and RELMf3 expression following N. brasil-
iensis infection. Previous studies have shown that N. brasiliensis
infection of the lung and small intestine drives the potent upregu-
lation of RELMa and RELM (7, 13); however, a systematic anal-
ysis of RELMa and RELM protein levels locally in infected tissue
and in serum has not been performed and may give important
insight into the function and persistence of these highly expressed
genes. WT C57BL/6 mice were untreated (day 0) or infected sub-
cutaneously with 500 N. brasiliensis L3 followed by sacrifice at
acute (day 3 and day 7) and chronic (day 30) time points. N.
brasiliensis infection led to significant increases in serum RELMa
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and RELMB levels at day 7 postinfection (Fig. 1A), the time point
at which adult parasites are present in the small intestine. RELM«
and RELMp protein levels were also increased in infected tissue
but with tissue-specific differences. Specifically, RELMa expres-
sion was induced at higher levels in the lung (Fig. 1B and C),
coincident with parasite invasion of the lung tissue, while RELM[3
expression was dominant in the infected jejunum at day 7 postin-
fection, when adult worms are present (Fig. 1D). Although infec-
tion-induced increases in the levels of both proteins were observed
in all the tissues and in serum, there was a striking compartmen-
talization of RELMa and RELMP expression: RELMa was ex-
pressed at ~100-, 500-, and 1,000-fold-higher levels than RELM[3
in serum, lung, and BAL fluid, respectively, while RELMf was
expressed at >30-fold-higher levels than RELMa in the jejunum.
This suggests that RELMa expression in the lung and serum may
be more biologically relevant, while the function of RELMB may
be more important in the intestine. On the other hand, it is also
possible that the active concentrations of both RELM proteins
may be different, which could impact the biological significance of
the different concentrations of these proteins in different tissues.
Even though N. brasiliensis is expelled between day 9 and day 12
postinfection in WT mice, previous studies have shown long-last-
ing inflammatory changes in infected tissue even following worm
clearance (21-23). At day 30 postinfection, we observed increased
RELMa levels in serum and all infected tissues, while the RELM[3
level was significantly increased in serum, suggesting that N.
brasiliensis infection induces persistent changes in RELMa and
RELMS expression levels that may be functionally significant.

To test the functional significance of RELMa and RELMB in N.
brasiliensis infection, we utilized Retnla™'~ and Retnlb™'~ mice,
which were previously described (12, 17, 24). Following infection
with N. brasiliensis, Retnlb'~ mice exhibited a significant impair-
ment in RELMa expression compared to WT mice (Fig. 2A to D,
left). Conversely, Retnla~'~ mice had significantly reduced infec-
tion-induced RELM expression levels (Fig. 2A to D, right).
Given that the Retnla and Retnlb genes are adjacent in the genome,
it is possible that the deletion of one gene removed enhancer ele-
ments that influenced the expression of the other gene. This is an
important consideration when using these genetically deficient
mice.

RELMa but not RELMf} protects from excessive acute and
chronic lung inflammation. We next examined the functional
consequence of RELMa and RELM deletion in immunity and
inflammation against N. brasiliensis. In response to N. brasiliensis
infection, Retnla™'~ mice suffered from severe infection-induced
inflammation, as evidenced by significantly increased weight loss
beginning at day 2 postinfection, when the parasite had invaded
the lung tissue (Fig. 3A). We performed a combined analysis of all
N. brasiliensis infection experiments to examine the consequences
of RELMa and RELM deficiency on infection-induced mortality
(Fig. 3B). Although all male mice recovered from N. brasiliensis-
induced acute inflammation, female WT mice suffered from
~10% infection-induced mortality, which was more severe in the
absence of RELMa (~20%). In contrast, we did not observe ex-
acerbated infection-induced weight loss or infection-induced
mortality in Retnlb~'~ mice. We performed BAL washes of the
lung and observed infection-induced hemorrhaging at day 3
postinfection in all infected genotypes, as assessed by RBC num-
bers in the BAL fluid (Fig. 3C). While WT and Retnlb™'~ mice
recovered from infection-induced hemorrhaging at days 9 and 30
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FIG 1 RELMa and RELM are expressed systemically and locally following N. brasiliensis infection. C57BL/6 mice were injected with PBS or infected with N.
brasiliensis for 3, 7, and 30 days, followed by analysis of RELMa and RELM@ in the serum (A), bronchoalveolar lavage fluid (BALF) (B), lung (C), and jejunum
(D) (n = 4to 5 per group). Experiments were repeated 3 to 5 times. Statistical analysis compared to naive mice was performed. ¥, P < 0.05; **, P < 0.01; ***, P <

0.001; ****, P < 0.0001.

postinfection, Retnla~'~ mice had significantly increased RBC
numbers at these later time points, implicating a partial defect
in the ability to recover from acute inflammation induced by N.
brasiliensis. The heightened early inflammatory response in
Retnla™’~ mice was also reflected by the significantly increased
number of BAL fluid leukocytes (Fig. 3D). We characterized the
leukocyte populations by flow cytometry and observed signifi-
cantly increased numbers of eosinophils and CD4™ T cells in the
BAL fluid of infected Retnla'~ mice compared to those in WT or
Retnlb™'~ mice (Fig. 3E). Next, we assessed the cytokine environ-
ment in the lungs of infected mice on day 7 by real-time RT-PCR
(Fig. 3F). While we observed no significant differences in levels of
Thl-associated cytokines, infected Retnla~’~ mice exhibited sig-
nificantly elevated IL-4 and IL-17A expression levels in compari-
son to WT mice. In contrast, Retnlb~’~ mice had no significant
differences in lung cytokine expression levels compared to WT
mice. Together, the results of these studies demonstrate distinct
expression patterns and functions for RELMa and RELM in N.
brasiliensis infection: RELMa is the dominant RELM protein ex-
pressed early in the infected lung, where it plays a critical role in
dampening Th2 and Th17 cytokine expression and hookworm-
induced lung inflammation.

Retnla™'~ mice exhibit equivalent N. brasiliensis burdens in
the lung but accelerated expulsion from the intestine compared
to WT and Retnlb™'~ mice. To test if the exacerbated early lung
inflammation in Retnla~ '~ mice was due to increased parasite
burdens in the lung, we evaluated parasite burdens in the lung and
intestine and quantified egg production in feces (Fig. 3G and H).
We observed equivalent N. brasiliensis burdens in WT, Retnla™'~,
and Retnlb™'~ mice at day 3 postinfection; however, Retnla '~
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mice exhibited more rapid N. brasiliensis expulsion than did WT
mice, with significantly fewer parasites in the intestine at day 7
postinfection. This suggested that the exacerbated inflammatory
response in the lungs of Retnla~'~ mice could have impaired par-
asite fitness, leading to more rapid immune-mediated expulsion.
Consistent with this hypothesis, parasite egg burdens in the feces
were significantly reduced in infected Retnla™'~ mice compared
to WT mice, while Retnlb™'~ mice exhibited significantly higher
egg burdens in feces at day 6 postinfection than those of all groups
of mice. Combined, these findings suggest that RELMa both
downregulates excessive lung inflammation following N. brasil-
iensis infection and delays parasite expulsion, while RELM@ im-
pairs parasite fecundity.

Generation of Retnla™'~ Retnlb™'~ mice to evaluate the
function of RELMa and RELM in N. brasiliensis-induced in-
flammation and immune-mediated expulsion. Given the dis-
tinct functions of RELMa and RELM in response to N. brasilien-
sisinfection, we sought to assess the functional significance of both
RELM proteins by generating Retnla™ '~ Retnlb™'~ mice. Since
there is only one human RELM protein (human RELM) that
shares sequence homology with murine RELMa and RELM§,
studies of Retnla '~ Retnlb~'~ mice may give more insight into
the putative function of human RELMP. Retnla™'~ Retnlb™'~
mice could not be generated by breeding since the Retnla and
Retnlb genes are adjacent on chromosome 16 and do not segre-
gate. Therefore, Retnla™'~ Retnlb™'~ mice were generated with
VelociGene technology (18), where all exons for RELMa and
RELMp were replaced by a lacZ reporter gene and a neomycin
selection cassette (Fig. 4). Gene deletion was confirmed by geno-
typing PCR, real-time PCR for Retnla and Retnlb, and a serum
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FIG 2 Effect of Retnla or Retnlb genetic deletion on expression of RELM or RELMa, respectively. C57BL/6 (WT), Retnla~'~, and Retnlb~'~ mice were injected
with PBS or infected with N. brasiliensis for 3, 7, and 30 days. RELMa and RELM expression levels in the serum (A), BAL fluid (B), lung (C), and jejunum (D)
were measured. Results are combined data from >3 experiments (1 = 3 to 5 for naive mice, and n = 3 to 6 for mice infected at each time point). Statistical analysis
was performed for each genotype compared to the WT at the same time point. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

ELISA for RELMa and RELMPB. Mice were crossed with
C57BL/6] mice for 12 generations and validated as fully back-
crossed by DartMouse genotyping services. Similar to Retnla™'~
and Retnlb~'~ mice, naive Retnla '~ Retnlb™/~ mice were healthy
and fertile and did not exhibit any obvious behavioral changes or
impairment in immune cell development or composition of lym-
phoid compartments (data not shown).

Compared to WT mice, infected Retnla™'~ Retnlb™'~ mice
suffered from significant infection-induced weight loss (Fig.
5A). While WT mice did not succumb to infection, Retnla™'~
Retnlb™'~ mice exhibited infection-induced mortality by day 3
postinfection, with 15% mortality in males, while females were
more susceptible (40% mortality) (Fig. 5B). This infection-in-
duced mortality was more severe than that in single Retnla™'~
mice (Fig. 3B). Retnla™'~ Retnlb~’~ mice also exhibited severe
lung inflammation, including increased hemorrhaging (Fig. 5C)
and numbers of BAL fluid leukocytes (Fig. 5D) and eosinophils
(Fig. 5E). We observed equivalent parasite burdens at day 3
postinfection but reduced intestinal worm and fecal egg burdens
at day 7 postinfection (Fig. 5F and H). Additionally, analysis of
worm ATP levels as an indicator of worm fitness revealed signifi-
cantly reduced ATP levels in worms isolated from the lung and
small intestine of double-gene KO mice at days 3 and 6 postinfec-
tion, respectively (Fig. 5G). We assessed the lung cytokine envi-
ronment in WT and double-gene KO mice and observed signifi-
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cantly increased IL-4, IL-10, and IL-13 expression levels in the
double-gene KO mice (Fig. 5I). This suggested that the impaired
worm fitness in the double-gene KO mice might be mediated
through an increased Th2 effector immune response. To test if the
increased levels of Th2 cytokines were CD4™ T cell derived, we
purified lung CD4™ T cells from WT and double-gene KO mice.
Although we saw no differences in interferon gamma (IFN-vy),
IL-10, IL-13, and IL-17A expression levels, there was a signifi-
cantly increased expression level of IL-4 by CD4™ T cells isolated
from infected double-gene KO mice (Fig. 5]). Therefore, while
CD4™" T cells in the Retnla~'~ Retnlb™'~ mice contributed to the
increased IL-4 expression in lung, other lung cell populations con-
tributed to the increased IL-10 and IL-13 expression. These pop-
ulations may include innate cells such as macrophages, which are
known to produce high levels of IL-10, and innate lymphoid cells,
natural killer cells, or basophils, which express IL-13. In conclu-
sion, these findings suggest that there are complex interactions
between RELMa and RELM that positively affect parasite infec-
tivity and viability, potentially through dampening the CD4™ Th2
effector immune response to the worm.

To delineate the effects of RELMo and RELM on lung inflam-
mation, histological examination of lung tissue sections from in-
fected WT, single-gene-deficient, and double-gene-deficient mice
was performed (Fig. 6). N. brasiliensis infection induced several
pathological changes in the lung, including a mixed neutrophil-
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FIG 3 RELMa but not RELM protects from excessive lung inflammation and impairs parasite expulsion. (A and B) WT, Retnla~’~, and Retnlb™'~ mice were
infected with N. brasiliensis and monitored for infection-induced weight loss (n = 4 to 9 per group) (A) and mortality (for WT mice, n = 48 males and 52 females;
for Retnla™/~ mice, n = 24 males and 29 females; and for Retnlb~’~ mice, n = 21 males and 15 females) (B). (C and D) Cells recovered from BAL fluid were
counted for RBCs (C) and leukocytes (D) (n = 3 for naive mice, and n = 5 to 8 for infected mice). (E) Flow cytometric analysis of cell populations at day 9
postinfection (1 = 5 to 8). (F) Real-time PCR analysis of lung mRNA from infected mice on day 7 (n = 4 to 5 per group). (G) Worm counts from the lung (day
3) and small intestine (days 3, 6, and 9) (n = 4 to 9 per group). (H) Fecal egg output over time quantified as eggs per gram of feces (EPG) (n = 5to 9 per group).
For statistical analyses, asterisks indicate comparison to the WT at the same time point, and open triangles indicate comparison to mice of the same genotype at
day 0 (naive). For panel H, log transformation was done, followed by two-way ANOVA with Dunnett’s multiple-comparison test (compared to the WT at the
same time point). ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. A, P < 0.05; AA, P < 0.01; AAA, P < 0.001.

eosinophil-monocyte infiltrate in the peribronchial connective ~dampen excessive lung inflammation. Interestingly, Retnla '~
tissue with variable extension into the alveolar airspaces (Fig. 6, mice exhibited more severe lung inflammation than did Retnla ™/~
top, blue arrows), a prominence of activated alveolar macro- Retnlb '~ mice. The increased presence of FBGCs is indicative of
phages (middle, yellow arrows) and foreign-body-type giant cells  persistent inflammation and a potential defect in tissue repair and
(FBGCs) (middle, red arrows), and perivascular inflammation  debris clearance in the absence of RELMa.

(bottom, green arrows). Compared to WT mice, these patholog- Generation of Ragl '~ Retnla™'~ mice reveals that RELMa-
ical changes were severe in both single-gene-deficient and double-  mediated effects are dependent on the adaptive response. The
gene-deficient mice, suggesting that both RELMa and RELMB  lung cytokine expression data demonstrated that Retnla™'~ and
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time PCR for the WT gene (C), and an ELISA of serum of naive mice (D). RFU,

relative fluorescence units. Statistical significance was determined by using an unpaired t test. **, P < 0.01.

Retnla™'~ Retnlb™'~ mice exhibited a more Th2-polarized envi-

ronment than WT mice. Additionally, purification of CD4" T
cells from Retnla™'~ Retnlb™’~ and WT lungs suggested that
CD4™" T cells contribute to the increased Th2 cytokine environ-
ment in KO mice. Although the RELMa-mediated effects are ob-
served during acute primary infection with N. brasiliensis, these
data implicate the contribution of the adaptive immune response,
in particular CD4" Th2 cells, to this early phenotype. Alterna-
tively, innate cells such as eosinophils and type 2 innate lym-
phoid cells (ILC2) could contribute to the dysregulated Th2
cytokine environment in Retnla™'~ and Retnla™'~ Retnlb™'~
mice. To definitively test this, we generated Ragl '~ Retnla™'~
mice that lack B and T cells and compared these mice to
Ragl ™'~ mice. In contrast to WT mice, which expel N. brasil-
iensis by day 10 postinfection, Ragl '~ mice remain chronically
infected with N. brasiliensis until as long as day 40 postinfection
due to the lack of an adaptive immune response. Following infec-
tion, Ragl '~ and Ragl '~ Retnla™'~ mice suffered equivalent
weight loss and exhibited minimal differences in infection-in-
duced mortality (Fig. 7A and B). Quantification of serum and BAL
fluid RELMa and RELMQ@ levels in WT, Ragl /= and Ragl -/
Retnla™'~ mice (Fig. 7C), revealed equivalent levels of RELMa
and RELMB in infected WT and Ragl /'~ mice, suggesting that
RELM protein expression following N. brasiliensis infection is not
dependent on B or T cells. As expected, given the deficiency in
RELMP expression in Retnla '~ mice, RELMp expression was
also significantly reduced in infected Ragl '~ Retnla '~ mice
compared to that in Ragl ~’~ mice. Evaluation of the lung inflam-
matory response following N. brasiliensis infection revealed that
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there were no significant differences in infection-induced hemor-
rhaging or leukocyte numbers (Fig. 7D to F). Furthermore, para-
site burden, viability, and fecundity were equivalent in Ragl '~
and Ragl '~ Retnla~'~ mice (Fig. 7G to I). We also monitored egg
burdens over time for up to 40 days postinfection and observed no
significant differences between Ragl '~ and Ragl '~ Retnla '~
mice (data not shown). Finally, we quantified cytokine RNA levels
in the lungs of infected mice and did not observe any significant
differences in levels of Thl, Th2, or Th17 cytokines (Fig. 7J).
Taken together, these results show that infection-induced RELM
protein expression occurs in the absence B and T cells; however,
RELMa-mediated downregulation of the Th2 inflammatory re-
sponses and delay in parasite expulsion are dependent on the
adaptive immune response.

In conclusion, comparison of single-gene-deficient Retnla '~
and Retnlb~'~ mice and double-gene-deficient Retnla '~ Retnlb™'~
and Ragl ™'~ Retnla™'~ mice suggests that RELMa is the more
functionally important RELM protein in hookworm infection,
where it downregulates CD4™ Th2 cell responses and protects the
host from potentially fatal lung inflammation at the expense of a
moderately impaired antiparasitic effector response.

DISCUSSION

Protective immunity to hookworm infections relies on the bal-
ance between effector immune responses that limit parasite bur-
den and regulatory immune responses to control excessive in-
flammation. In both primary and secondary challenges with N.
brasiliensis, immune cells in the lung, including neutrophils, mac-
rophages, and CD4 ™ T cells, critically affect parasite development
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FIG 5 Function of RELMa and RELMB in N. brasiliensis-induced inflammation and immune-mediated expulsion. (A and B) C57BL/6 (WT) and Retnla '~
Retnlb™'~ mice were infected with N. brasiliensis and monitored daily for infection-induced weight loss (n = 4 to 5 per group) (A) and mortality (for WT mice,
n = 31 males and 9 females, and for Retnla '~ Retnlb™’~ mice, n = 26 males and 8 females) (B). (C and D) BAL fluid cells were quantified for RBCs (C) and
leukocytes (D) (n = 4 to 8 per group). (E) Flow cytometric analysis of cell populations at day 9 postinfection (n = 5 per group). (F and G) Parasites were recovered
from the lung and small intestine at day 3 and the small intestine at days 6, 7, and 9 for worm quantification (F) and worm ATP measurements (G) (n = 4 to 8
per group). (H) Fecal egg output over time (n = 5 to 9 per group). (I and J) Real-time PCR analysis of mRNA from whole lung (n = 3 to 5 per group) (I) and
purified lung CD4™ T cells (n = 6 to 8 per group) (J) from infected mice on day 7. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

and viability, allowing more rapid worm expulsion (25-27). How-
ever, if unchecked, this effector immune response can be detri-
mental to the host, leading to excessive and potentially fatal lung
inflammation (27, 28). Here, we examined the immune effector
and regulatory functions of the secreted proteins RELMa and
RELMB following N. brasiliensis infection. Previous independent
studies showed distinct functions for these proteins, with RELMa
acting to suppress Th2 immunity, while RELM[ was reported to
be an effector molecule that bound to the parasite (13, 16). To
investigate this, we quantified RELMa and RELMf expression
levels following N. brasiliensis infection and systematically charac-
terized the immune response and parasite burdens in single-gene-
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deficient Retnla~'~ mice and Retnlb™'~ mice as well as double-
gene-deficient Retnla™'~ Retnlb™'~ mice.

We found that N. brasiliensis infection led to significant in-
creases in RELMa and RELM3 levels systemically and in infected
tissue. Functionally, RELMa and RELM had distinct effects on
the host immune response. While RELMa dampened infection-
induced inflammation, leading to an increased parasite burden,
RELM had modest effects on acute lung inflammation and par-
asite burden, which was different from a previously reported find-
ing that RELM[ promoted parasite expulsion (16). These differ-
ences might be explained by the high virulence of the N.
brasiliensis strain used in our studies, which caused excessive lung

iai.asm.org 1107


http://iai.asm.org

Chen et al.

Retnla”

Inf. foci

Retnlb” Retnla’Retnlb”-

i,

FIG 6 Pathological changes induced by N. brasiliensis infection. Lung sections from naive or N. brasiliensis-infected mice were stained with H&E, and
pathological changes at day 9 postinfection were independently assessed by a pathologist (J.1.O.). Infection-induced inflammation is depicted by representative
pictures. Inflammatory foci (Inf. Foci) (blue) (magnification, X20; bar, 200 pm), perivascular inflammation (PVI) (green), foreign-body giant cells (FBGC)
(red), and activated alveolar macrophages (yellow) (magnification, X40; bar, 50 pm) are shown.

inflammation and some infection-induced mortality compared to
other studies that did not report infection-induced mortality (13,
16). In this context of high virulence, the heightened inflamma-
tory response and high-level RELMa expression in the lung may
have overcome the anti-parasitic effects of RELM[ that occurred
later in the intestine. RELMa expression may therefore be more
functionally relevant for helminths that infect the lung, such as
hookworms and Ascaris. In contrast, the effector functions of in-
testine-derived RELMf3 may be more important in helminth in-
fections that are restricted to the gastrointestinal tract.

Analysis of the lung cytokine environment of infected mice
revealed that both Retnla’~ and Retnla™'~ Retnlb™'~ mice, but
not Retnlb™'~ mice, had increased IL-17A and IL-4 mRNA tran-
script levels compared to those in WT mice. Given previous stud-
ies showing that IL-17A mediates acute N. brasiliensis-induced
lung inflammation (28), it is possible that the dysregulated Th17
cytokine environment contributed to acute lung inflammation in
Retnla™'~ and Retnla™'~ Retnlb™'~ mice. In that same study, it
was shown that IL-4 receptor (IL-4R) deletion led to increased
levels of IL-17A associated with increased lung neutrophilia,
suggesting that IL-4 signaling inhibits IL-17A. In contrast, we
observed that N. brasiliensis-induced lung inflammation in the
absence of RELMa was associated with increased levels of both
IL-17A and IL-4. Furthermore, characterization of the cell popu-
lations recruited to the lung following N. brasiliensis infection re-
vealed increased numbers of CD4 ™ T cells and eosinophils, but
not neutrophils, in Retnla™'~ and Retnla™'~ Retnlb™'~ mice. This
suggests that the effects of RELMa deletion are qualitatively
different from the effects of deletion of IL-4R or IL-17R signal-
ing. Further studies delineating the effects of IL-4 or IL-17 on
Retnla™’~ mice may give more insight into which cytokine reg-
ulatory pathways are responsible for the downstream RELMa-
mediated effects.

Given that eosinophils and CD4 ™ T cells are important cellular
sources of 1L-4 (29-32), we postulated that both cell types con-
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tributed to the reduced parasite burden observed in Retnla '~
mice through expression of TL-4. However, Ragl '~ Retnla™'~
mice exhibited equivalent eosinophil responses, IL-4 expression
levels, and parasite burdens compared with those of Ragl '~
mice. These findings suggested that CD4™ T cells and not eosin-
ophils were downstream of the RELMa-mediated effects.
Consistent with this, purified lung CD4" T cells from Retnla™'~
Retnlb™'~ mice had significantly increased IL-4 mRNA transcript
levels compared to those in WT mice. These strategies suggest that
the functional effects of RELMa are dependent on the adaptive
immune response and are likely mediated through effects on
CD4" Th2 cells. Given that RELMa functional effects are ob-
served in acute primary infection with N. brasiliensis, it is perhaps
surprising that the mechanism of action of RELMa is dependent
on the adaptive immune response. This suggests that CD4" Th2
cells may be conditioned by RELMa early or even before the onset
of N. brasiliensis-induced inflammation. The existence of innate
Th2 cells that function independently of antigen specificity was
recently shown in N. brasiliensis infection studies (33). It is possi-
ble that RELMa mediates its effects through regulating these in-
nate Th2 cells. Alternatively, given that Ragl ~'~ mice are deficient
in Band CD8" T cells, it is possible that RELM« functional effects
may be dependent on these adaptive immune cells. For instance, B
cells are an important cellular source of cytokines (34) and could
be regulated by RELMa. However, we previously showed that
RELMa preferentially bound CD4™ T cells and not B cells (12), so
it is more likely that the RELMa-mediated effects are through
CD4™ T cells.

Although intestinal epithelial cells are the main cellular source
of murine RELM, recent human studies have shown that bron-
chial epithelial cells in the lung and activated macrophages can
express high levels of human RELM (35, 36), which fits the ex-
pression pattern of mouse RELMa. In our studies, we found that
both RELMa and RELM were significantly upregulated and
maintained in the lung and intestine following N. brasiliensis in-
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FIG 7 Generation of Ragl '~ Retnla™'~ mice reveals that RELMa-mediated effects are dependent on the adaptive response. (A and B) WT, Ragl /", and
Ragl~'~ Retnla™'~ mice were infected with N. brasiliensis and monitored daily for infection-induced weight loss (1 = 6 to 8 per group) (A) and mortality (for
Ragl ™'~ mice, n = 23 males and 23 females, and for Ragl ~'~ Retnla™'~ mice, n = 31 males and 29 females) (B). (C) RELMa and RELM protein levels in serum
and BAL fluid at day 3 postinfection (n = 4 per group). (D and E) Quantification of RBCs (D) and leukocytes (E) at day 10 postinfection (n = 3 to 4 per group).
(F) Flow cytometric analysis of BAL fluid cell populations (n = 3 to 4 per group). (G and H) Parasites were recovered from the small intestine for worm
quantification (G) and worm ATP measurements (H) (n = 3 to 8 per group). (I) Quantification of fecal egg output (n = 3 to 8 per group). (J) Real-time PCR
analysis of lung mRNA from infected mice on day 7. ***, P < 0.001; ****, P < 0.0001.

fection. Delineating the role of both murine RELMa and RELMf3
in the context of infection and inflammation may allow a better
understanding of human RELM@ function. In previous studies,
we have shown the importance of human resistin but not mouse
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resistin in influencing the immune response to N. brasiliensis (5).
Transgenic mice expressing human resistin exhibited delayed par-
asite expulsion and increased parasite egg burdens, which mirrors
our findings here showing that RELMa deficiency leads to im-

iai.asm.org 1109


http://iai.asm.org

Chen et al.

proved parasite expulsion and decreased parasite fecundity. Both
human resistin and mouse RELMa are expressed by hematopoi-
etic cells, and it is possible that they may share similar immuno-
modulatory properties. Although both proteins acted to impair
the Th2 effector response in N. brasiliensis infection, human resis-
tin promoted a type 1 inflammatory response, including tumor
necrosis factor alpha (TNF-a) expression, while murine RELMa
inhibited CD4" Th2 cells. Further studies outlining the similari-
ties and differences in the mechanisms of action of these homol-
ogous proteins in helminth infection could provide insight into
the immunomodulatory properties of mouse and human RELM
proteins.

In conclusion, these studies utilized single- and double-gene-
deficient mice for RELMa and RELMQ to delineate the functions
of these highly expressed proteins in helminth infection of the
lung and intestine. Although early RELMa expression in the lung
downregulates Th2 immune effector responses against the para-
site, leading to improved viability and fecundity, RELMa critically
protects the host from damaging and potentially fatal acute in-
flammation. In contrast, RELM did not affect early lung inflam-
mation but acted to limit parasite fecundity. Finally, experiments
with Retnla™’~ Retnlb™'~ mice confirmed the importance of
RELMa in downmodulating lung inflammation but also revealed
important functions for both RELMa and RELM in mediating
lung tissue repair by dampening perivascular inflammation and
improving clearance of cell debris. The use of Retnla™'~ Retnlb™'~
mice therefore provides a valuable tool for biomedical research to
understand the function of these two homologous proteins and
the significance of the human RELM protein.
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